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It is quite shocking one day you wake up and realize that 
you are “senior” and how much has happened…

Ok enough about me, back to science!
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Outline
• Measuring the shapes of billions of 

galaxies to one part in ten thousand 

• What we learned from precursor surveys

• Counting down to first light
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Measuring the shapes of billions of galaxies to 
one part in ten thousand

To zeroth order, weak lensing is pretty straightforward, what we want is to have as 
many galaxies as possible with good shape measurements. The Dark Energy Task 
Force told us if we do that we would get dark energy nailed.
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elements of a space-based program, or a combination of elements from ground- 
and space-based programs. No unique mix of techniques is optimal (aside from 
doing them all), but the absence of weak lensing would be the most damaging 
provided this technique proves as effective as projections suggest. 

 
Illustration of the potential improvement in the DETF figure of merit arising from Stage 
IV ground-based projects.  The bars extend from the pessimistic to the optimistic 
projections in each case. 

 
Illustration of the potential improvement in the DETF figure of merit arising from Stage 
IV ground-based projects in the wa–wp plane. The DETF figure of merit is the reciprocal 
of the area enclosed by the contours.  The outer contour corresponds to Stage II, and the 
inner contours correspond to pessimistic and optimistic ALL-LST.  (ALL-SKA would 
result in similar contours.)  All contours are 95% C.L. 
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Illustration of the potential improvement in the DETF figure of merit arising from Stage 
IV space-based projects.  The bars extend from the pessimistic to the optimistic 
projections in each case.  The final two error bars illustrate the improvement available 
from combining techniques; other combinations of techniques may be superior or more 
cost-effective.  CL results are from an x-ray satellite; the others results from an 
optical/NIR satellite. 
 

 
Illustration of the potential improvement in the DETF figure of merit arising from Stage 
IV space-based projects in the wa–wp plane. The DETF figure of merit is the reciprocal of 
the area enclosed by the contours. The outer contour corresponds to Stage II, and the 
inner contours correspond to pessimistic and optimistic BAO+SN+WL. All contours are 
95% C.L. 
 

D
ETF report (2006)
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Good shear (=shape) measurements
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GREAT08 handbook (2008)
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Lensing power spectrum
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—> cosmological parameters

Shear to cosmology

Lensing power spectrum
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What we learned from 
precursor surveys
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DES, HSC begin
KiDS begin

CFHTLenS begin

2000 First detection

2013 CFHTLenS, DLS

2011 SDSS

LSST begin 2024-2025
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1919 First detection of lensing

2007 COSMOS
2008 CFHTLS

Blanco, GaBoDS, PFIC/WHT, GEMS…

2017 DES Y1
2016 KiDS-450
2015 DES SV

2018 HSC Y1

2021 DES Y3
2020 KiDS-1000

Cosmic shear timeline
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Figure 7. Mean and 68% error bars for the parameter �8 (⌦m/0.3)
↵, for various cosmic shear

observations, plotted as function of their publication date (first arXiv submission). All parameter
values are given in Table 7.1. Di↵erent surveys are distinguished by colour as indicated in the
figure. Data points are shown for second-order statistics (circles), third-order (diamonds), 3D lensing
(pentagons), galaxy-galaxy lensing (+ galaxy clustering; triangle), and CMB (squares).

et al. 2000, Van Waerbeke et al. 2000, Wittman et al. 2000). The observations were taken with

di↵erent cameras and telescopes — the Prime Focus Imaging Camera (PFIC) on the William-Herschel

Telescope (WHT), UH8K and CFH12K on the Canada-France Hawaii Telscope (CFHT), and the

Big Throughput Camera (BTC) on Blanco — and covered sky areas between 0.5 and 1.5 deg2. These

early analyses measured correlations of galaxy ellipticities that were larger than the expected residual

systematics. Limits on ⌦m and �8 could be obtained.

Those exploratory results were very soon followed by other surveys from a wide range of

telescopes, for example CFH12K/CFHT with the Red-sequence Cluster Survey (RCS) and VIRMOS-

DESCART (Van Waerbeke et al. 2001, Van Waerbeke et al. 2002, Hoekstra et al. 2002b, Hoekstra

et al. 2002c, van Waerbeke et al. 2005), FORS1 (FOcal Reducer and Spectrograph)/VLT (Very Large

Telescope; Maoli et al. 2001), the 75-deg2 survey with BTC/Blanco-CTIO (Jarvis et al. 2003, Jarvis

et al. 2006), PFIC/WHT (Massey et al. 2005), ESI (Echelle Spectrograph and Imager)/Keck II

(Bacon et al. 2003), WFI at MPG/ESO 2.2m with the Garching-Bonn Deep Survey (GaBoDS;

Hetterscheidt et al. 2007), and Suprime-Cam/Subaru (Hamana et al. 2003).

Cosmic shear then was measured using MegaCam/CFHT on the Canada-France Hawaii Legacy

Survey (CFHTLS). During five years this large program observed 170 square degrees in five optical

bands. First results from the first data release were published over 22 deg2 of the wide part (Hoekstra

et al. 2006) and the 3 out of the 4 deg2 of the deep part (Semboloni et al. 2005).

Apart from those ground-based observations, cosmic shear was successfully detected with the

Kilbinger (2015)

S8 ⌘ �8(⌦m/0.3)0.5
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2000 First detection

2017 DES Y1

2013 CFHTLenS, DLS

2016 KiDS-450
2015 DES SV

2011 SDSS

2018 HSC Y1

DES, HSC begin
KiDS begin

CFHTLenS begin

LSST begin 2024-2025

2007 COSMOS
2008 CFHTLS
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1919 First detection of lensing

Blanco, GaBoDS, PFIC/WHT, GEMS…

2020 KiDS-1000

What lensers worry aboutCosmic shear timeline

getting more galaxies

shape measurement 
(noise and modeling bias)


PSF modeling

shape measurement 

(selection bias)


photometric redshift calibration

intrinsic alignment


baryons

blending

tensions

surprise!

2021 DES Y3



MetaCalibration and MetaDetection
Unbiased estimation of shear is challenging due to the PSF and noise.

The community went through phases of different methods: direct moment-based, forward-
fitting, simple method + calibration through sophisticated simulations… 

Using directly the data to understand the response of our shear estimator to cosmological shear. 

Original e1+

e1-

10 J. Zuntz et al.

Figure 9. The ⇢ statistics for the PSF shape residuals. Negative values are shown in absolute value as dotted lines. Requirements on the ⇢ statistics are specific
to individual science cases; the yellow fill is a general guide, rather than a requirement, and is ten percent of the value of the weakest cosmic shear ⇠+ signal,
which is from the lowest redshift tomographic bin (for this bin only scales above ✓ ⇡ 7 arcmin were used in the analyses in Troxel et al. 2017 and DES
Collaboration 2017). It pessimistically assumes ↵ = 0.1 and TPSF/Tgal = 1. Contributions to the signal from the flat regimes at large scales will be absorbed
by the marginalization over the mean shear discussed in §7.1.

but rather calculated directly for each observed image, using the
scheme described below.

Any estimator that has sensitivity to shear can be used with
metacalibration, and here we use measurements of galaxy elliptic-
ity. For small shears, ellipticity estimators can be written as a Taylor
expansion:

e = e|�=0 +
@e
@�

����
�=0

� + ...

⌘ e|�=0 + R�� + ... (4.1)

where we have defined the shear response matrix R� . The shear
response is calculated by artificially shearing the images and re-
measuring the ellipticity. We do this by directly deconvolving the
PSF (by dividing the Discrete Fourier Transform (DFT) of the im-
age by the DFT of the PSF image), applying a shear, and then re-
convolving by a symmetrized version of the PSF (the latter steps
using the GALSIM package, Rowe et al. 2015). We then form a nu-
merical derivative: for a given element of the response matrix, we
calculate

R� i,j =
e
+
i � e

�
i

��j
, (4.2)

where e
+
i is the measurement of component i made on an image

sheared by +�j , e�i is the measurement made on an image sheared
by ��j , and ��j = 2�j . We used an applied shear �j = 0.01.

When measuring a shear statistic, such as mean shear or a
shear two-point function, these responses can be averaged appro-
priately to produce a calibrated result. For the example of mean
shear, we can take the expectation value of equation (4.1). Keeping
terms to first order in the shear, and assuming the mean ellipticity
is zero in the absence of shear, we find

hei = hei|�=0 + hR��i ⇡ hR��i, (4.3)

With estimates of R� for each galaxy, we can form a weighted
average:

h�iw ⇡ hR�i
�1

hR��i ⇡ hR�i
�1

hei, (4.4)

where the subscript w implies this is a weighted average over the

true shears. The generic correction for two-point functions was also
derived in SH17 as

⇠ = (hR↵
ihR

�
i)�1

he↵e�
i (4.5)

for two samples of objects (e.g. tomographic bins) ↵ and � where
he↵e�

i is a standard two point correlation function estimate. The
application of this method to other specific statistics should be
worked out carefully, as the details of the averaging are important.

We can also correct for selection effects, for example shear
biases that may occur when placing a cut on signal-to-noise ratio
S/N . This is accomplished by measuring the mean response of
the estimator to the selection, repeating the selections on quantities
measured on sheared images. Again taking the example of mean
shear, a given element of the mean selection response matrix hRSi
is

hRSii,j ⇡
heii

S+
� heii

S�

��j
, (4.6)

where heiS+ and heiS� represent the means of ellipticities mea-
sured on images without artificial shearing, but with selection based
on parameters from positively and negatively sheared images re-
spectively. The full response for the mean shear is then given by
the sum of the shear response and selection response

hRi = hR�i + hRSi. (4.7)

For the ellipticity estimators used here we have found that the
response matrix R is on average diagonal, and that R11 ⇡ R22, so
that a single scalar value characterizes the response.

METACALIBRATION was tested using an extensive set of sim-
ulations, and proved to be unbiased for galaxy images with realistic
properties matching the deep COSMOS data, and noise and PSFs
similar to DES data (SH17). Furthermore, METACALIBRATION was
shown to be robust to the presence of stars in the sample if the PSF
is well determined. There are additional challenges for real data,
which we will discuss below.

MNRAS 000, 1–36 (2015)

Shear response

Sheldon & Huff (2017)
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Photometric redshifts

Sanchez et al. (2014)

+ Myles et al. (2022)

Gatti et al. (2022)
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Blending couples shear and photo-z’s

MacCrann et al. (2021)
16



Stars and AGNs heat and spew gas outside of the core of dark matter halos. This process alters 
the total matter distribution from an otherwise CDM-only universe. 

Baryonic feedback

Chisari et al. (2017) DES et al (2022)
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Systematics? 
Statistics?

A
m

on et al. (2022)
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And there’s so many more ways to do cosmology
Cosmology with mass map moments 13

Figure 6. Posterior distributions of the cosmological parameters ⌦m and (8,
and the two IA parameters �IA and [IA, for the combination of second and
third moments. The 2D marginalised contours in these figures show the 68
per cent and 95 per cent confidence levels.

(DES Collaboration 2021): a first one that assumes ⇤CDM, the
TATT model and marginalises over the neutrino mass, and a sec-
ond one which better matches the analysis choices adopted in this
work, assuming NLA as IA model and fixing the neutrino mass to
zero. We report the latter analysis for a visual comparison of the con-
straining power, but we caution the reader that it is unlikely to pass
our scale cuts criteria, which impose a maximum bias of 0.3 f in the
(8-⌦m plane in case of baryonic contamination. This is because we
know that the 3x2pt TATT + free neutrino mass analysis passes the
scale cuts criteria with exactly a 0.3 bias (DES Collaboration 2021);
the NLA + fixed neutrino analysis, having slightly more constraining
power, is likely to fail those criteria. To avoid misinterpreting these
results, we decided to shift the contours to lie on top of the DES
3x2pt TATT posterior, such that the real position is unknown and
the posterior can only be used to get a sense of the e�ect of di�erent
analysis choices on the constraining power of the 3x2pt analysis. The
DES 3x2pt analysis relies on three di�erent probes: cosmic shear,
galaxy-galaxy lensing, and galaxy clustering. Remarkably, the (8
constraining power from the moments analysis is 10 per cent bet-
ter than that from the DES Y3 3x2pt analysis, despite not relying
on a lens sample or the 2x2pt part of the data vector. The DES Y3
3x2pt constraints are, however, slightly more stringent in terms of
⌦m (by 10 per cent), due to the significant contribution from the
galaxy-galaxy lensing and galaxy clustering part of the analysis. The
posteriors show good overlap, with the moments peak being ⇠ 1.1f
away from the DES Y3 3x2pt TATT + free neutrino analysis peak
in the (8-⌦m plane. Given that the constraints come from di�er-
ent probes we can consider the posteriors to be in reasonably good
agreement.

DES Y3 Peaks + Power spectrum analysis. Zürcher & et al. (2021)
use peak counts to extract non-Gaussian information from the con-
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TATT, free neutrino

DES Cosmic Shear
NLA, fixed neutrino

Figure 7. Posterior distributions of the cosmological parameters ⌦m and (8.
Top panel: we show the posteriors for the moments analysis, two versions of
the DES Y3 cosmic shear analysis, and the DES Y3 Peaks + Power spec-
trum analysis. For readability we do not show the third moments constraints
separately. Bottom panel: we show the posteriors for the moments analysis
and for two versions of the DES Y3 3x2pt analysis. **: the DES 3x2pt NLA
+ fixed neutrino analysis is unlikely to pass our scale cut criteria, see §6.2
for more details. For this reason, we shifted the contours on top of the DES
3x2 TATT posterior, so as to not unveil the exact location of the (potentially
biased) posterior. The 2D marginalised contours in these figures show the 68
per cent and 95 per cent confidence levels.

vergence field, and combine this with constraints from the power
spectrum of convergence maps. The comparison of our analysis with
theirs is interesting for two reasons: 1) similar to this analysis, it
exploits some non-Gaussian information of the convergence field to
constrain cosmological parameters; 2) the Peaks + Power spectrum
analysis uses an independent, completely di�erent framework to pro-
vide theory predictions for the observables – they forward model the

MNRAS 000, 1–27 (0000)

Credit: Marco Gatti

Gatti et al. (2022)
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Some thoughts looking back at Stage-III

• We are learning a lot about the Universe and what 
we are measuring

• We are thinking about a whole new set of problems 
today than 10 years ago, the field has grown and 
matured significantly

• Every new dataset that is qualitatively different 
brings new sets of challenges, but once we soldier 
through the challenges we progress again

• A general survey goes way beyond what you 
expect it to do

20



Counting down to first light
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Putting my DESC hat on

Credit: Judit Prat22



I’m sure you all know this…

Before data hits, we know it’s a good idea to be prepared, yet we also 
know that there will be surprises we cannot prepare for…

23



How do we prepare for LSST?
• Everything that is done in Stage-III surveys are almost automatically useful! As long as we 

synthesize what we’ve learned and properly transform the knowledge.

• Simulations are great cause we know the truth.

• Reanalysis of precursor data with LSST software.

• Team-building — in the end people do the work, and that is by far the most important thing.

Credit: Chris Walter
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Validating pipelineas on simulations
Prat, Zuntz, Omori, CC et al. (2023)
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Validating pipelineas on simulations

Prat, Zuntz, Omori, 
CC et al. (2023)

• There exist a basic pipeline to perform large-
scale structure catalog —> cosmology 
analysis to the precision required by Y1 LSST.

• There is still a lot to do to bring this pipeline 
to Stage-III level, but we will get there.



Cosmic shear reanalysis (~Stage-II)
A Unified Analysis of Four Cosmic Shear Surveys 13
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Figure 6. Here we compare the constraints of the four surveys from the published results and the WLPIPE reanalysis. We show the marginalized constraints
on Wm and S8 ⌘ s8(Wm/0.3)0.5 from the paper-provided chains (the Published Baseline case, left panel) and from WLPIPE in the Baseline case. Note that
compared to the Published Nominal results, here the KiDS-450 contours do not include baryonic effects, while the CFHTLenS contours do not include any
systematic uncertainties.

Table 4. Comparison metrics for all pairs of surveys in the Published Base-
line analysis case: constraints from the individual collaborations that we
choose as baseline to reproduce. For the S8 values, we list the mean and the
16% and 84% confidence intervals. For CFHTLenS and KiDS-450, these
are different from the Published Nominal analysis case: constraints from
the individual collaborations that can be viewed as the representative re-
sults.

(1) DLS (2) CFHTLenS (3) DES-SV (4) KiDS-450

S8 0.818+0.030
�0.030 0.731+0.030

�0.030 0.813+0.059
�0.058 0.727+0.033

�0.032
DS8-(1) – 2.1 0.076 2.1
DS8-(2) – – 1.2 0.087
DS8-(3) – – – 1.3

that in the data configuration used in the individual surveys, the
raw statistical power of the measurement is similar for DLS and
CFHTLenS, while DES-SV is about half the S/N and KiDS-450 is
in between. One interesting observation is that DLS achieves the
high S/N even with a significantly smaller area – this highlights
the power of having high-redshift data. A slightly worrying point is
that the goodness-of-fits for DLS and CFHTLenS are quite low. For
the pair-wise DS8, we find trends reflecting what is seen from the
figures – all four surveys are broadly consistent with Table 3 show-
ing some low-level discrepancies (1.5s ) in S8 between CFHTLenS
and DLS.

For the Published Baseline chains, we list the S8 constraints
and DS8 values in Table 4. We do not list the goodness-of-fit here
since they are not all available in the papers, and are not directly
comparable with the values in Table 3. We just quote two num-
bers that available: in Joudaki et al. (2017a), the reduced c2 for the
fiducial CFHTLenS analysis best-fit is 1.5, whereas in Hildebrandt
et al. (2017), the reduced c2 for the fiducial KiDS-450 analysis

Table 5. S8 constraints, S/N and goodness of fit when we change one anal-
ysis choice at a time in the analysis pipeline from the Baseline case (see
Table 3). For the S8 values, we list the mean and the 16% and 84% con-
fidence intervals. The sections of this table correspond to discussions in
Sec. 5.2, Sec. 5.3 and Sec. 5.4.

(1) DLS (2) CFHTLenS (3) DES-SV (4) KiDS-450

Gaussian covariance matrix (Sec. 5.2)
S8 0.845+0.030

�0.030 0.739+0.024
�0.025 0.834+0.052

�0.050 0.767+0.030
�0.030

S/N 26.0 22.2 12.7 20.4
c2/n 412.5/235 344.3/275 34.6/30 133.0/124
p.t.e. 7.0⇥10�12 0.0028 0.26 0.27

Conservative scale cuts (Sec. 5.3)
S8 0.928+0.050

�0.050 0.731+0.052
�0.050 0.799+0.068

�0.069 0.754+0.055
�0.055

S/N 15.4 16.6 10.0 10.5
c2/n 112.1/89 228.3/132 28.4/25 62.8/56
p.t.e. 0.050 4.0⇥10�7 0.29 0.24

DES-SV priors (Sec. 5.4)
S8 0.851+0.042

�0.042 0.657+0.052
�0.052 0.803+0.059

�0.058 0.764+0.038
�0.038

c2/n 319.5/235 412.2/275 26.9/30 121.5/124
p.t.e. 2.0⇥10�4 1.6⇥10�7 0.63 0.55

KiDS-450 priors (Sec. 5.4)
S8 0.818+0.033

�0.033 0.677+0.039
�0.039 0.807+0.059

�0.059 0.771+0.033
�0.033

c2/n 323.6/235 412.5/275 27.0/30 122.2/124
p.t.e. 1.1⇥10�4 1.5⇥10�7 0.63 0.53

best-fit is 1.3. In Troxel et al. (2018), it was shown that the reduced
c2 for the fiducial KiDS-450 improves to 1.0 when accounting for
the survey geometry.

MNRAS 000, 000–000 (0000)
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Figure 11. Final comparison of the cosmological constraints from the four surveys according to the literature (Published Nominal, left) and according to our
unified analysis framework (right, Matched) – we show the marginalized constraints for Wm, S8 ⌘ s8(Wm/0.3)0.5 and s8 for the four cosmic shear surveys. In
the right panel, we use Gaussian analytic covariances, conservative scale cuts and the KiDS-450 priors. We note that for the CFHTLenS Published Nominal
constraints, we show all three settings MIN (solid), MID (dashed) and MAX (dotted) in Joudaki et al. (2017a).

Figure 12. Same as the upper right panel of Fig. 11, but now using DES-SV
priors.

Table 6. Comparison metrics corresponding to the right panel of Fig. 11.
That is, all analysis choices matched: Gaussian COSMOLIKE covariance
matrix, conservative scale cuts, same IA treatments, and KiDS-450 cosmo-
logical priors. For the S8 values, we list the mean and the 16% and 84%
confidence intervals.

(1) DLS (2) CFHTLenS (3) DES-SV (4) KiDS-450

S8 0.942+0.046
�0.045 0.657+0.071

�0.070 0.844+0.062
�0.061 0.755+0.048

�0.049
S/N 17.4 15.1 11.6 12.1
c2/n 137.8/89 176.3/132 32.7/26 71.5/56
p.t.e. 7.0⇥10�4 0.0060 0.17 0.079
DS8-(1) – 3.4 1.3 2.9
DS8-(2) – – 2.0 1.1
DS8-(3) – – – 1.2
BF-(1) – -1.1 1.6 -0.50
BF-(2) – – 0.70 1.3
BF-(3) – – – 1.1

tics is similar to that captured by the DS8 metric in this case, though
the message of consistency/inconsistency is somewhat weaker – the

MNRAS 000, 000–000 (0000)

CC et al. (2019)
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Phillips-Longley, CC et al. (2022)

Cosmic shear reanalysis (~Stage-III)
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The STatic Analysis Roundtable (STAR)

An initiative to slowly start building a team for the LSST Y1 static analysis.  

Starting from Prat et al. (2023), we want to gradually bring each of elements 
to the maturity level of Stage-III: shear catalogs, photo-z’s, systematics tests, 
modeling etc.
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It could also be that we will be doing something 
completely different in 5 years!
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Thanks Steve — this has been super fun! 
• There are things you learn from your PhD advisor that is much beyond the 

technicalities of the science topic. A lot of it you don’t really realize at the moment.

• From Steve, I’ve been lucky to see

• How one sustains a vision for the future

• How an effort as important as Rubin is built over many 10s of years

• How to lead a large group, and still manage to take care of your grad students 

• How to get things done

• If Stage-III were any guide, we are about to enter an explosion of new things to both 
worry about and get excited with Rubin data — let’s get this thing started! 
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Questions?
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